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Incubation of isolated germinal vesicles in the homogenate from maturing starfish oocytes resulted in synchronous
germinal vesicle breakdown (GVBD), and chromosome condensation and gathering within 30 min. GVBD in this cell-free
system required aerobic conditions. The endogenous ATP-generation system was preserved in the homogenate and effective
under aerobic conditions, and thus exogenous ATP was not added to the homogenate. Injection of the homogenate into
immature starfish oocytes induced meiotic maturation without 1-methyladenine, indicating high activity of maturation-
promoting factor (MPF) in the homogenate. MPF activity in the homogenate was stable for 2 h at room temperature, while
it disappeared within 1 h in the supernatant prepared by centrifugation of the homogenate. This disappearance of MPF
activity is regulated by cyclin B destruction, similar to that seen in vivo. © 1999 Academic PressKey Words: starfish; oocyte; GVBD; cell free.
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Fully grown starfish oocytes are arrested in prophase of
meiosis I. At this stage, they contain a large nucleus called
a germinal vesicle (GV). Meiosis is reinitiated by the hor-
monal stimulation by 1-methyladenine (1-MA) which is
released from surrounding follicle cells (Kanatani et al.,
1969). Receptors of 1-MA on the plasma membrane of
oocytes couple to the abg trimeric G protein (Tadenuma et
l., 1992) that is sensitive to pertussis toxin (Shilling et al.,
989; Tadenuma et al., 1991; Chiba et al., 1992). The
hormonal stimulation dissociates Gbg from Ga, and the
issociated Gbg mediates the signal of 1-MA and forms a
aturation-promoting factor (MPF) in the cytoplasm (Jaffe
t al., 1993; Chiba et al., 1993). MPF eventually induces
germinal vesicle breakdown (GVBD), the first easily observ-
able event in meiosis reinitiation. The direct target mole-
cule of Gbg is still unknown.
Cell-free preparations of frog eggs, clam eggs, and sea
rchin eggs have been used to study the cell cycle of
eiosis and mitosis or pronuclear formation (Lohka and
asui, 1983; Lohka and Maller, 1985; Dessev et al., 1989,
991; Luca and Ruderman, 1989; Cameron and Poccia,r
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All rights of reproduction in any form reserved.994). In starfish oocytes, meiosis reinitiation is easily
nduced by experimental application of 1-MA. Synchronous
VBD occurs within 30 min after 1-MA addition, in which
eriod protein synthesis is not required. These advantages
f starfish oocytes encouraged us to develop a cell-free
ystem with which to study meiosis I of starfish oocytes. In
his work, we succeeded in inducing GVBD in the cell-free
reparation. Condensation and gathering of the chromo-
omes during GVBD mimicked those seen in vivo.
MATERIALS AND METHODS
Animals and Oocytes
Starfish Asterina pectinifera were collected on the Pacific coast
of Honshu and kept in laboratory aquaria supplied with circulating
seawater at 17°C. To remove follicle cells, isolated ovaries were
incubated in ice-cold calcium-free seawater, and released oocytes
were washed twice with calcium-free seawater. Oocytes obtained
by this procedure are at the first meiotic prophase (germinal vesicle
stage) and are referred to as “immature.” Immature oocytes were
treated with artificial seawater containing 0.1 mg/ml pronase
(Kaken Seiyaku, Tokyo) for 10 min at 20°C to remove jelly and
vitelline envelopes and then washed several times with cold
calcium-free seawater and stored in artificial seawater at 20°C.
Oocyte maturation was induced by the addition of 1 mM 1-MA. We
efer to an oocyte that undergoes GVBD (about 30 min after 1-MA
ddition) and that has MPF activity as a “maturing oocyte.”
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218 Chiba, Nakano, and HoshiCell-Free Preparation Causing GVBD,
Chromosome Condensation and Gathering
Immature or maturing oocytes (1 ml) were washed twice in 10
ml of ice-cold buffer P (150 mM glycine, 100 mM EGTA, 5 mg/ml
cytochalasin B, 200 mM N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid buffer, pH 7 adjusted by KOH). Oocytes were
spun at 1400g for 10 s, and as much of the supernatant as possible
was carefully removed. Packed oocytes were transferred to a net of
60-mm mesh in the neck of the microtube and pressed onto the net
with the cap of the tube. When the tube was centrifuged at 1400g
for 3 s, oocytes were homogenized by passage through the net. The
homogenate was kept on ice. The homogenates made from imma-
ture and maturing oocytes were termed “prophase homogenate”
and “M-phase homogenate,” respectively.
To isolate GVs, immature oocytes were washed in buffer P and
then spun at 1400g for 10 s to remove the buffer. The packed
ocytes were ruptured mechanically by stirring gently with a
ipette tip, and intact GVs were released. This homogenate con-
aining GV was termed “GV1 prophase homogenate.” Less than
0% of intact oocytes remained in the homogenate.
M-phase homogenate and GV1 prophase homogenate were
ixed gently with or without 0.01 or 0.05 vol of ATP-generation
ixture containing 40 mM ATP (Sigma), 2.05 M phosphocreatine
Sigma), and 8 units/ml creatine kinase (Biozyme Ltd. UK). GVBD
as assessed by counting remaining GVs under an inverted light
icroscope equipped with Nomarski differential interference con-
rast optics (Nikon Co. Japan). For photography, the microscope
as connected with an adapter tube to a 35-mm camera (Nikon Co.
apan), and photographs were taken using 35-mm Neopan F film
Fuji Photo Film, Co., Ltd., Tokyo, Japan).
Supernatant Preparation of the Homogenate
Oocytes (1 ml) were washed twice in 10 ml of ice-cold buffer P
and allowed to sediment by gravity. After removal of as much
buffer as possible, the oocytes were homogenized by passage
through the net of 60-mm mesh. The homogenate was centrifuged
t 20,000g for 10 min, and the supernatant was transferred to a
icrotube and stored on ice.
Activity of MPF
To detect MPF activity, 270 pl of homogenate was microinjected
into immature oocytes as described previously (Shilling et al.,
1989). GVBD was scored 1 h after the injection.
Histone H1 Kinase Assay
Activity of histone H1 was measured according to Ookata et al.
(1992) with slight modifications. Homogenate was suspended in
250 vol of buffer containing 80 mM Na-b-glycerophosphate, 20 mM
EGTA, 15 mM MgCl2, 1 mM dithiothreitol, 20 mg/ml leupeptin,
nd 0.3 mM phenylmethanesulfonyl fluoride, pH 7.3, and then an
qual volume of reaction mixture containing 1 mg/ml histone H1,
.2 mM ATP, and 9.25MBq/ml [g-32P]ATP was added. After incu-
bation for 20 min at 20°C, the reaction was terminated by spotting
2.5-ml aliquots onto Whatman P81 phosphocellulose paper. After
1 h, the filters were washed five times with 1% phosphoric acid.
Radioactivity was counted with a BAS 2000 Fuji Imaging system.
Copyright © 1999 by Academic Press. All rightSDS–PAGE and Immunoblot Analysis
Homogenate and supernatant were analyzed by SDS–PAGE on
10% gels, and proteins were transferred to a PVDF transfer mem-
brane (Millipore Corp., Bedford, MA). The membrane was blocked
with PBS containing 5% skim milk and incubated with starfish
anti-cyclin B antibody (kindly provided by Dr. T. Kishimoto) for 1 h
at room temperature. After washing with PBS, the membrane was
incubated with horseradish peroxidase-conjugated goat anti-rabbit
antibody at a dilution of 1:200 for 1 h and then washed again. Bound
antibody was detected using an ECL Western blotting analysis
system (Amersham Pharmacia Biotech Inc., U.S.A.).
ATP Measurement
ATP concentration in homogenate was measured by using firefly
luciferase (Lucifer-LU-plus, Kikkoman Corp. Japan) and a photon-
counter (Lumitester, Kikkoman Corp. Japan).
Microinjection
Microinjection into an oocyte and quantitation of injection
volumes were done according to the methods of Hiramoto (1974)
and Kishimoto (1986). Oocytes were held between two coverslips
separated by two pieces of double-stick tape during microinjection
and observation (Chiba et al., 1992).
RESULTS
Development of Buffer for Washing Oocytes
We first tested several buffers such as those used for in
vitro pronuclear formation of sea urchin eggs (Cameron and
Poccia, 1994) and for in vitro cyclin destruction of clam
embryo (Luca and Ruderman, 1989). After washing with
these buffers, starfish oocytes were sedimented by centrif-
ugation to remove excess buffer and homogenized by pass-
ing through 60-mm mesh. These homogenates, however,
ad a coarse appearance under the microscope and lacked
ctivity to induce GVBD in vitro. Thus, in order to optimize
uffer conditions, we examined the texture of homogenates
nder the microscope. When buffer P was used, the texture
f homogenate was as fine as that of living oocytes. In the
ollowing experiments, immature or maturing oocytes were
ashed twice with ice-cold buffer P and centrifuged to
emove excess buffer before making cell-free preparations.
GVBD in Cell-Free Preparation
As shown in Fig. 1A, many intact GVs were observed
when 2 vol of GV1 prophase homogenate was mixed with
8 vol of M-phase homogenate. GVBD started synchronously
after 34 min of incubation (Fig. 1B). The GV in the intact
cell having the plasma membrane did not undergo GVBD
even after 57 min (Fig. 1C). Also, no GVBD was induced in
4 h in the homogenate made from immature oocytes (data
not shown). Figure 2 shows that GVBD was retarded as the
ratio of homogenate from immature oocytes was increased.
The morphological features of GVs and chromosomes
s of reproduction in any form reserved.
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219In Vitro GVBD Inductionduring GVBD in our cell-free system faithfully mimicked
those seen in vivo (Fig. 3): The nucleolus of an intact GV
was clearly visible (Fig. 3A, DIC, 3 min), and partially
condensed chromosomes were distributed on the nuclear
membrane (Fig. 3A, Hoechst, 3 min). The nucleolus and
nuclear membrane started to disappear after 20 min of
incubation, and GVBD was evident after 40 min (Fig. 3A,
DIC, 20 and 40 min). Chromosomes in the GV gathered
together after 40–60 min of incubation, as had been ob-
served in vivo (Shirai et al., 1990), while those originating
from M-phase homogenate (arrows in Fig. 3A) did not move.
Also, chromosomes became smaller and brighter during the
incubation, indicating that chromosome condensation dur-
FIG. 1. Changes in morphology of GV during incubation in a cell
f GV1 prophase homogenate (8:2) was used. (A) GVs isolated from
Induction of GVBD in isolated GVs started after 34 min of incubat
for 57 min. Observations were made with a light microscope equipp
FIG. 2. Time course of GVBD in mixtures of M-phase and
prophase homogenate. A mixture of 9 vol of M-phase homogenate
and 1 vol of GV1 prophase homogenate is indicated as 9:1; that of
5 vol of M-phase homogenate, 4 vol of prophase homogenate, and 1
vol of GV1 prophase homogenate as 5:5; and that of 1 vol of
M-phase homogenate, 8 vol of prophase homogenate, and 1 vol of
GV1 prophase homogenate as 1:9. Each symbol represents the
results with 11–13 GVs.
Copyright © 1999 by Academic Press. All righting GVBD (Shirai et al., 1990) proceeded normally in this
cell-free system. Spindles formed around gathering chromo-
somes, although their shapes were irregular (Fig. 3B, FITC).
Dependence of GVBD on the Distance from the
Air–Homogenate Interface
GVBD in the cell-free preparation occurred synchro-
nously within 30 min after the start of incubation of GV in
the M-phase homogenate (Fig. 2). However, when the cell-
free preparation was covered with a coverslip, GVBD was
significantly retarded or inhibited in the central region of
homogenate that was farthest from the air phase (over 750
mm; Fig. 4). Conversely, GVBD in the peripheral region
where the homogenate was closest to the air (within 300
mm; Fig. 4) occurred as soon as that in the uncovered
preparation. These results suggest that aerobicity is neces-
sary for induction of GVBD in this cell-free system. Indeed,
as shown in Fig. 5, when air was replaced with N2, GVBD
as inhibited. Since oxygen in the air is used to generate
TP for aerobic respiration, ATP may be depleted under
naerobic conditions. To analyze the possible involvement
f ATP in in vitro GVBD induction, we measured the
oncentration of ATP of the homogenate incubated under
ir or N2. As expected, ATP concentration in the homoge-
ate under N2 was significantly low, while that in the
homogenate under air was comparable to that in living
oocytes (Fig. 6). However, when we added an exogenous
ATP-generation system (N2 1 0.4 mM ATP) to homogenate
covered by a coverslip, GVBD in the central region of
homogenate was not induced. Moreover, a higher concen-
tration of ATP had an inhibitory effect on GVBD (Table 1).
Thus, we did not add exogenous ATP to our cell-free
preparation. A mixture of 8 vol of M-phase homogenate and 2 vol
ature oocytes and one intact oocyte were incubated for 5 min. (B)
hile GV did not change in the intact oocyte. (C) After incubation
ith Nomarski differential interference contrast optics. Bar, 50 mm.-free
immpreparation. The homogenate was kept under aerobic con-
ditions in the following experiments.
s of reproduction in any form reserved.
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220 Chiba, Nakano, and HoshiFIG. 3. (A) Induction of GVBD, chromosome condensation and movement in the cell-free system (8:2). Observations were made with a
ight microscope (top panels) and with a fluorescence microscope to reveal chromosomes in the corresponding field stained with Hoechst
ye 33342 (bottom panels). Each panel shows the same GV at various times. Hoechst dye 33342 (5 mg/ml) was added before the incubation.
rrows indicate chromosomes in the GV. Arrowheads indicate chromosomes from M-phase homogenate. Bar, 50 mm. (B) Formation of
spindles around gathering chromosomes. After GVBD in the cell-free system (8:2), the preparation was fixed with cold ethanol and
processed for either anti-tubulin immunofluorescence (FITC) or DAPI staining to visualize gathering chromosomes (DAPI: arrows).
Photographs of the same field were taken. Bar, 100 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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221In Vitro GVBD InductionMPF Activity in the M-Phase Homogenate
The activity in the M-phase homogenate that caused
GVBD in vitro results from the action of MPF, since
njection of the M-phase homogenate into immature oo-
ytes induced meiotic maturation (Table 2). This activity of
PF in the homogenate was stable for 2 h at room tem-
perature (Table 2). Similarly, GVBD in vitro was induced in
the M-phase homogenate stored for 2 h, as shown in Fig. 7.
These results indicate that MPF activity is stably retained
in the homogenate.
The main component of MPF is the cyclin B– cdc2
kinase complex that catalyzes phosphorylation of histone
H1. As expected, the activity of histone H1 kinase in the
M-phase homogenate remained at a high level for several
hours (Fig. 8).
MPF activity in vivo is high for only 20 min after GVBD
Kishimoto and Kanatani, 1976). Thus, the stable activity of
PF in our in vitro system is somewhat artificial. Interest-
FIG. 4. Dependence of GVBD on the distance from air–
homogenate interface in the cell-free system (9:1). Time course of
GVBD in the indicated areas is shown. Each symbol represents the
results with 10–21 GVs.
FIG. 5. Requirement of aerobic conditions for GVBD in the
cell-free system (8:2). Time course of GVBD in the cell-free
preparation under air or N2 is shown. Each symbol represents the
results with 11–15 GVs.
Copyright © 1999 by Academic Press. All rightngly, we found a significant decrease of histone H1 kinase
ctivity in the supernatant prepared after centrifugation of
he homogenate at 20,000g for 10 min (Fig. 8). This disap-
earance of kinase activity is regulated by cyclin destruc-
ion as shown in Fig. 9: Cyclin B in the homogenate or
recipitate was detected throughout the assay, while cyclin
in the supernatant disappeared after incubation for 30–60
in.
DISCUSSION
In the present study, we have developed a cell-free system
from starfish oocytes at meiosis I and examined its ability
to induce GVBD. During development of our cell-free
system, we found that high concentration of EGTA in
buffer P was important for maintenance of the activity of
FIG. 6. ATP levels in the cell-free preparation. The M-phase
homogenate was assayed under air or N2. Exogenous ATP genera-
tion mixture was added to the homogenate assayed under N2 (see
aterials and Methods). Packed living immature oocytes of the
ame volume as homogenate were used to determine oocyte ATP
oncentration.
ABLE 1
ffects of ATP on GVBD
Distance from
air phase (mm)
ATP (mM)
0 0.4 2.0
GVBD (%) #750 82 81 0
.750 11 0 0
Note. M-phase homogenate (8.5 vol) and GV1 prophase homog-
enate (1 vol) were mixed gently. Then, 0.1 or 0.5 vol of ATP-
generation mixture containing 40 mM ATP, 2.05 M phosphocre-
atine, and 8 units/ml creatine kinase was added to the homogenate.
Final concentration of exogenous ATP was calculated to be 0.4 or
2.0 mM. Each value of GVBD represents the results with 8–28 GVs
in the homogenate. GVBD was counted after incubation for 1 h.
s of reproduction in any form reserved.
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222 Chiba, Nakano, and HoshiGVBD induction in M-phase homogenate. Without EGTA,
calcium concentration may become to be too high during
preparation of the homogenate for MPF activity to be
retained. Also, removal of excess buffer P before homoge-
nization is necessary for GVBD in vitro. Indeed, addition of
over 310 vol of buffer P to M-phase homogenate decreased the
activity of GVBD induction (data not shown). Dessev et al.
(1989) had developed a cell-free system using surf clam
Spisula oocytes. They used buffer containing 10 mM EGTA
and 5 mM MgCl2 to get supernatant. They found nuclear
nvelope breakdown in the supernatant requires exogenous
TP and Mg21.
When MPF-containing cytoplasm from maturing oocytes
is injected into immature oocytes, MPF can be recovered in
greatly increased amounts from the recipient cells (Masui
and Clarke, 1979). This phenomenon is called self-
amplification of MPF. Our cell-free system, however, did
not show such a strong amplification. More than equal
volume of M-phase homogenate needed to be added to
prophase homogenate to induce GVBD (Fig. 2). Self-
amplification of MPF is governed by an autocatalytic,
positive feedback loop between cdc2–cyclin B protein ki-
nase and cdc25-c protein phosphatase (Hoffmann et al.,
1993). Thus, cdc25-c protein phosphatase may be inactive
TABLE 2
Stability of MPF Activity in the M-Phase Homogenate
Time (h): 0–1 1–2 2–3
VBD 16/17 15/15 0/7
Note. GVBD of immature oocytes was induced by the injection
f the M-phase homogenate stored at 20°C for indicated periods.
he number of GVBD-induced oocytes is indicated as a fraction of
he total number of oocytes injected with the M-phase homoge-
ate.
FIG. 7. Stability of MPF activity in the M-phase homogenate.
Time course of GVBD in the cell-free system (9:1) is shown.
M-phase homogenate (9 vol) was preincubated under aerobic con-
ditions for 0, 1, 2, and 3 h, and then GV1 prophase homogenate (1
vol) was added. Each symbol represents the results with 15–21 GVs.
Copyright © 1999 by Academic Press. All rightn the cell-free system, since cdc2–cyclin B protein kinase
ctivity (or histone H1 kinase activity) in the M-phase
omogenate is comparable to that of living oocytes in
-phase (Kishimoto and Kanatani, 1976; Table 2). Inactiva-
ion of cdc25 by an unknown phosphatase from immature
ocytes has been reported by Okumura et al. (1996).
We did not add exogenous ATP to our cell-free prepara-
ion, since ATP concentration under aerobic conditions in
ur homogenate was as high as that in the living cells (Fig.
). Also, morphological changes of GV and the time course
f GVBD in vitro without exogenous ATP were similar to
hose in vivo. These results indicate that the endogenous
TP generation machinery in the cell-free preparation is
reserved after homogenization of oocytes. Under anaerobic
onditions, however, GVBD as well as endogenous ATP
eneration was inhibited in our cell-free system. Since
ddition of an exogenous ATP generation system to the
omogenate was not sufficient for GVBD induction, oxy-
enation reactions as well as ATP generation may be
equired for GVBD. Molecular features of such reactions are
nknown.
When ATP concentration in vitro was increased above
hat in vivo by the addition of an exogenous ATP-
eneration system to the homogenate, GVBD was inhibited
Table 1). Burke and Gerace (1986) have similarly reported
nhibitory effects of ATP. They developed a cell-free system
FIG. 8. Histone H1 kinase activity in the homogenate and in the
supernatant of the homogenate.
FIG. 9. Western blotting analysis of cyclin B in the homogenate,
supernatant (sup), and precipitate (ppt). The homogenate or the
supernatant and the precipitate after centrifugation were incubated
for 0, 30, 60, and 90 min. After incubation, an equal volume of
sample buffer of SDS–PAGE was added to stop the reaction. The
cyclin B in the supernatant disappeared after incubation for 30–60
min, while that in the homogenate and precipitate was present
even after 90 min.
s of reproduction in any form reserved.
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proteins such as the nuclear lamins is inhibited in the
presence of a high ATP level, resulting in inhibition of
nuclear envelope assembly. Thus, dephosphorylation may
be important for induction of GVBD.
In maturing starfish oocytes, M-phase of meiosis I lasts
only 20–30 min and is followed by cyclin B destruction and
inactivation of cdc2 kinase. However, MPF activity in the
M-phase homogenate maintained a high level for several
hours (Table 2 and Fig. 7). Also, cyclin B destruction did not
occur in the homogenate (Fig. 9). Luca and Ruderman (1989)
reported similar suppression of cyclin destruction in the
unfractionated homogenate of early Spisula embryos. Inter-
estingly, they found that cyclin destruction was seen in
12,000g supernatants. Similarly, we detected cyclin de-
struction and decrease of cdc2/histone H1 kinase activity in
the supernatant prepared by centrifugation of the homoge-
nate (Figs. 8 and 9). These results suggest that some com-
ponents of the homogenate inhibit cyclin destruction. Dis-
ordered chromosome distribution in the homogenate as
shown in Fig. 3 may activate the spindle assembly check-
point, which can arrest the cell cycle in M-phase (Murray,
1994).
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